GM1 ganglioside has been implicated as a target of immune attack in some diseases of the peripheral nervous system. Anti-GM1 ganglioside antibodies are associated with certain acquired immune-mediated neuropathies. It is not clear how anti-GM1 antibodies cause nerve dysfunction and injury; however, sodium and/or potassium ion channel dysfunction at the node of Ranvier has been implicated. To gain insight into the pathogenesis of these neuropathies, we examined the distribution of GM1 ganglioside and Gal(β1-3)GalNAc moieties in nerve fibres and their relationship to voltage-gated sodium and potassium (Kv1.1, 1.5) channels at the nodes of Ranvier in peripheral nerves from human, rat and dystrophic
Introduction
The biology of gangliosides in nerve fibres has taken on a new relevance for neurologists as the list of disorders associated with elevated titres of antiganglioside antibodies lengthens and the controversy regarding the pathogenetic significance of these antibodies intensifies. For example, Gal(β1-3)GalNAc, a moiety present in GM1, asialo GM1, and some glycoproteins, is the epitope recognized by anti-GM1 antibodies which are seen in a number of clinical settings. IgM anti-GM1 antibodies are present in the majority of sera from patients with multifocal motor neuropathy (Pestronk and Choski, 1997) . Anti-GM1 antibodies, particularly of the IgG class, are present in some patients with either axonal or demyelinating forms of Guillain-Barré syndrome (Yuki et al., 1990; Ho et al., 1995; Rees et al., 1995; Visser et al., 1995) . In Guillain-Barré syndrome, anti-GM1 antibodies are frequently associated with severe © Oxford University Press 1999 mice. Gal(β1-3)GalNAc moieties were localized via the binding of cholera toxin and peanut agglutinin. As a control for the specificity of these findings, we compared the distribution of GM1 moieties to that of the ganglioside GT1b. Our study provides definitive evidence for the presence of Gal(β1-3)GalNAc bearing moieties on the axolemmal surface of mature myelinated fibres and on Schwann cells. Gal(β1-3)GalNAc binding sites did not have an obligatory co-localization with voltage-gated sodium channels or the potassium ion channels Kv1.1 and Kv1.5 and are thus not likely carried by these ion channels. In contrast with Gal(β1-3)GalNAc, GT1b-like moieties are restricted to the axolemma.
cases and a poor prognosis, and with cases following Campylobacter jejuni infection (Yuki et al., 1990; Rees et al., 1995; Visser et al., 1995) . Conduction abnormalities in multifocal motor neuropathy and some cases of GuillainBarré syndrome indicate dysfunction at the nodes of Ranvier, and pathological studies have confirmed damage to the nodal and paranodal structures (Thomas et al., 1991; Kaji et al., 1993; Chaudhry et al., 1994; Griffin et al., 1996; HaferMacko et al., 1996) .
The possible role of anti-GM1 antibodies in the pathophysiology of these peripheral neuropathies is not well understood. A recent study using voltage clamp techniques found that raised titres of anti-GM1 antibodies influence sodium and potassium currents at nodes of Ranvier (Takigawa et al., 1995) , suggesting that these antibodies may modulate the function of sodium and potassium channels present at the node. Consistent with this site of action, GM1 has been localized at the nodes of Ranvier in myelinated peripheral nerve fibres (Ganser et al., 1983; Corbo et al., 1993; Kusunoki et al., 1993; Molander et al., 1997) . However, these studies employed relatively low resolution microscopic techniques and could not determine whether Gal(β1-3)GalNAc moieties were present on axons or surrounding structures.
In interpreting the physiological and clinical implications of anti-GM1 antibodies in peripheral neuropathies, a thorough understanding of the localization of this ganglioside in nerve fibres is essential. In this study, we used high resolution light and electron microscopic techniques to localize Gal(β1-3)GalNAc moieties in peripheral nerves and examined the relationship of these moieties to voltage-gated sodium and potassium (Kv1.1, 1.5) channels. In addition, we compared normal myelinated fibres with those from dystrophic mice. These animals have large amyelinated fibres in their spinal roots with randomly distributed patches of sodium channels in the absence of nodes of Ranvier (Deerinck et al., 1997) . This preparation allowed us to ask whether or not sodium channels have an obligatory co-localization with Gal(β1-3)GalNAc. To determine the specificity of these findings, we compared the results with those obtained using tetanus toxin to localize GT1b. GT1b was chosen for its biological interest; it is a receptor for tetanus toxin (Rogers and Snyder, 1981; Angstrom et al., 1994) .
Material and methods
Cholera toxin B subunit (CT) conjugated to either HRP (horseradish peroxidase) (CT-HRP) or biotin (biotin-CT) (List Biologicals, Campbell, USA), peanut agglutinin (PNA) conjugated to HRP (PNA-HRP) (Dako, Carpinteria, USA) or biotin (biotin-PNA) (Vector Labs, Burlingame, USA) and tetanus toxin fragment C (TTC) conjugated to HRP (TTC-HRP) or fluoroisothiocyanate (FITC) (TTC-FITC) (List Biologicals) were used to determine the distribution of glycoconjugate binding sites. CT binds to the sialyated trisaccharide -Gal) where a sialic acid residue is bound to the internal galactose; such oligosaccharide moieties are carried by GM1 ganglioside. PNA binds to Gal(β1-3)GalNAc, primarily on glycoproteins, and could cross-react weakly with GM1 (Lotan and Sharon, 1978; Momoi et al., 1982) . TTC binds to B-series gangliosides including GT1b (see Table 1 ). We used rabbit anti-sodium channel, rabbit anti-Kv1.1 and Kv1.5 antibodies that had been generated against specific peptides as previously described (Dugandzija-Novakovic et al., 1995; Mi et al., 1995) . Antisodium channel antibodies were kindly provided by Dr R. Levinson (University of Colorado) and anti-potassium channel antibodies were a kind gift from Dr T. Schwartz (Stanford University, USA).
Rodent tissue preparation for teased fibres
In most of the studies we used male Lewis rats 10-12 weeks old. In specific studies we used mice, comparing 4-6-weekold dystrophic mice, strain 129/ReJ-lama 2dy , with their control heterozygous litter mates. All animals were anaesthetized with Nembutal (1 ml/kg). The animals were perfused through the heart with Ringer's solution at 35°C followed by 2% fresh paraformaldehyde in 0.1 M PBS (phosphate-buffered saline) pH 7.4 for 5 min. The dorsal and ventral spinal roots and sciatic nerves were removed and fixed for an additional 30 min on ice. Nerves were washed in PBS and incubated in collagenase type IV in PBS (1 mg/ml) for 20 min at room temperature. Following a few washes in ice cold PBS, the nerves were desheathed and teased into small bundles of fibres under a stereomicroscope. These teased fibre preparations were immunostained as described below.
Human tissue preparation for teased fibres
Dorsal and ventral roots were obtained at autopsy from a patient with no history of peripheral nerve disease. Tissue was obtained~16 h post-mortem. The roots were fixed in 2% paraformaldehyde for 1 h over ice and prepared as described above.
Tissue preparation for fresh frozen cryosections
Animals were anaesthetized as described above, and the sciatic nerves biopsied between the sciatic notch and midthigh. Normal human sural nerves from routine biopsy were also used. These biopsies were done at Johns Hopkins Hospital as a part of the diagnostic work-up in patients suspected of having peripheral nerve disease and were performed after obtaining informed consent. The biopsied nerves were snap frozen in isopentane at -70°C and cryosectioned. The 8-12 µm longitudinal and cross sections were fixed by air drying on polylysine-coated glass slides for glycolipid extraction and staining.
Localization of toxin and lectin binding in teased fibres
The teased fibres were incubated in working buffer (5% normal goat serum and 1% bovine serum albumin in PBS) for 1 h on ice to block non-specific binding. After blocking, they were incubated with CT-HRP (2-4 µg/ml), PNA-HRP (5-10 µg/ml) or TTC-HRP (5-10 µg/ml) in working buffer at 4°C overnight followed by five 10 min washes in PBS on ice. Binding of these ligands was detected by incubating the nerves with 0.05% 3,3 diaminobenzidine tetrahydrochloride (DAB) and 0.01% hydrogen peroxide in PBS for 5-10 min on ice. The reaction was terminated by washing with PBS. The human spinal roots were labelled with biotin conjugated CT and PNA and developed with streptavidin-FITC (Vector Laboratories) for confocal microscopy. The samples were further teased, mounted in glycerol, cover slipped, and sealed with nail polish for microscopy. Images were acquired using an Axiophot microscope (Zeiss AG) on rodent preparations. Confocal images were acquired on human teased fibres as described below.
Double fluorescence labelling for
Gal(β1-3)GalNAc moieties and voltage gated Na ⍣ and K ⍣ channels
All buffers used in these preparations contained 0.1% Triton X-100. Teased fibres were incubated in working buffer for 1 h. After the blocking step the fibres were co-incubated with biotin-CT 10 µg/ml and either anti-sodium channel antibody, anti-Kv1.1 or anti-Kv1.5 in working buffer overnight at 4°C. Similarly, teased fibres were incubated with combinations of biotin-PNA 10 µg/ml and anti-sodium or potassium channel antibodies in working buffer overnight at 4°C. The concentration of all primary antibodies was 5-20 µg/ml. After overnight incubation, teased fibres were washed with working buffer five times (10 min each) on ice. After washing, the teased fibres were incubated with streptavidin-FITC 1 : 100 and rhodamine conjugated anti-rabbit IgG (Jackson ImmunoResearch) 1 : 100 in working buffer containing propidium iodide 5 µg/ml for 1 h, on ice, followed by several washes in PBS. Teased fibres were mounted in Gelvatol. Confocal microscopy was performed using an MRC-1024 system (BioRad) attached to an Axiovert 35M microscope (Zeiss AG). Excitation illumination was with 488 nm, 568 nm and 647 nm light from a krypton/argon laser. Individual images (1024 ϫ 1024 pixels) were saved to optical disc (Pinnacle Micro), converted to PICT format and merged as pseudo-colour RGB images using Adobe Photoshop (Adobe Systems). Because of the overlap of sodium channel and PNA staining, the triple-label images were displayed as two dual fluorescence images side by side for clarity. Digital prints were from a Fujix pictography 3000 printer (Fuji).
To determine whether CT and PNA bind to the same site, nerve fibres were preincubated with either CT or PNA and then stained with PNA or CT as described above. In addition, teased fibre preparations were double stained with CT-FITC and biotin-PNA developed with streptavidin-rhodamine. The working buffer for these preparations did not contain Triton X-100.
Electron microscopy
Fixed, teased nerve fibres were stained with CT-HRP, PNA-HRP and TTC-HRP as above. After developing in DAB, the fibres were washed with PBS, post-fixed in 1% osmium tetroxide in PBS for 1 h, and washed in distilled water. Following dehydration in graded ethanol, teased fibres were embedded in Durcupan ACM resin (Electron Microscopy Sciences) and polymerized at 60°C for 24 h. Three dimensional light microscopy of peroxidase-labelled epoxyembedded teased fibres was performed and thin sections were cut from stained areas for electron microscopy. The ultrathin sections (100 nm) were cut using a diamond knife (Diatome) and mounted on uncoated copper grids. These sections were imaged at 80 kev. (kito-electron volts) using either a 100CX or 2000FX electron microscope (JEOL).
Chloroform : methanol extraction of glycolipids
Cryosections were treated with chloroform : methanol (C : M) 1 : 1 (volume : volume) for 30 min at room temperature. The C : M treated and adjacent untreated sections were stained with CT-HRP (4-8 µg/ml) or PNA-HRP (10 µg/ml) or TTC-HRP (10 µg/ml) for 1 h at room temperature. These sections were developed with 0.05% DAB and 0.01% hydrogen peroxide in PBS for 5-10 min at room temperature and cover slipped for light microscopy. The images were acquired using an axiophot (Zeiss AG).
Results
The human tissue did not yield clearly interpretable results for double labelling and electron microscopy studies, most likely due to artifactual changes resulting from the prolonged post-mortem interval, therefore these results are not included. Sciatic nerves, dorsal and ventral roots had similar staining patterns and intensity and the results presented below are representative of all these preparations. A summary of the toxin/lectin binding results is shown in Table 2 .
Staining with CT
The staining of myelinated teased fibres in normal animals showed CT binding to the nodal gap and the paranodal region ϩ ϭ Present; ϩ/-ϭ possible; -ϭ absent. *Axons from both normal and dystrophic animals. of the Schwann cell (Fig. 1A ). At the light microscopic level it was not possible to determine whether CT bound to the nodal axolemma. In these preparations CT frequently stained Schmidt-Lanterman incisures. On fresh frozen cross sections, CT stained the axons and possibly the internodal outer (abaxonal) Schwann cell surface (Fig. 1D) . Although compact myelin seemed to have some staining with CT when compared with PNA and TTC stained fresh frozen sections, the intensity of staining does not preclude non-specific binding (for comparison see Fig. 1D-F) . CT binding to a human teased fibre is shown in Fig. 2A . Electron microscope preparations of myelinated nerve fibres confirmed that binding of CT was to the nodal axolemma (Fig. 3A) . In these preparations CT binding was restricted to the axolemma, with no binding to Schwann cells. In some fibres, presumably those with better penetration of CT into the periaxonal space of the internodes, the paranodal and internodal axolemma were also stained ( Fig.  3B and C) .
In the unensheathed and amyelinated axons from the spinal roots of dystrophic mice, CT binding was diffuse and continuous along the axolemma, (Fig. 3D) . In these preparations the axolemmae of adjacent axons are apposed against each other in the absence of an intervening ensheathing Schwann cell plasmalemma. The myelinated fibres in the same animals appeared similar to myelinated fibres in normal animals.
CT binding was extractable with C : M treatment, suggesting that the CT binding sites are carried by glycolipids.
Staining with PNA
In teased fibre preparations, PNA binding was concentrated at the nodal gap with some binding to the outside of Schwann cells ( Figs 1C and 2B) . In fresh frozen cross sections PNA stained the abaxonal Schwann cell surface and axolemma. There was no PNA binding to compact myelin on cryosections (Fig. 1F) .
In electron microscope preparations of myelinated nerve fibres from normal and from dystrophic animals, PNA staining was present on both Schwann cells and axons (Fig. 3E) . PNA binding was present on the abaxonal surface and microvilli of the terminal myelin loops of Schwann cells (Fig. 3E) . Staining was also seen on the nodal axolemma. In some preparations where the Schwann cell had retracted from the axons, this staining extended to involve the paranodal axolemma. These results were in agreement with the light microscopic observations. In electron microscope preparations of amyelinated axons from the spinal roots of dystrophic mice, PNA binding was diffuse and continuous along the axolemma (Fig. 3E inset) .
Unlike CT binding, PNA binding was not affected by C : M treatment, suggesting that at least some of the PNA binding sites are on glycoproteins.
Staining with TTC
Teased fibres (Fig. 1B), cryosections (Fig. 1E ) and electron microscope preparations (Fig. 3F) showed TTC binding restricted to the nodal and internodal axolemma, with no staining of Schwann cells or myelin ( Fig. 1B and E) . In electron microscope preparations of amyelinated axons from the spinal roots of dystrophic mice, TTC binding was diffuse and continuous along the axolemma (Fig. 3F inset) .
As with CT binding, TTC binding was extractable with C : M treatment, suggesting that TTC binding sites are carried by glycolipids.
Double fluorescence labelling Ion channels and ganglioside-like moieties
These preparations in general confirmed the localizations already described for CT and PNA binding in myelinated fibres (Fig. 4A and B) , with the exception that CT binding to the nodal gap was not observed most likely due to the use of Triton X-100 (see below). The myelinated fibres in the dystrophic animals showed staining patterns similar to normal animals, whereas the amyelinated large axons had diffuse and continuous CT and PNA staining along the outer surface of the axolemma (Fig. 4C and D) . Some patches of more intense CT binding were observed (Fig. 4C) . The amyelinated regions in the nerve roots of dystrophic animals do not have any Schwann cells and the axolemmae of adjacent axons abut against each other. The absence of Schwann cells in these amyelinated regions is confirmed by the absence of propidium iodide staining ( Fig. 4C and D) .
In myelinated fibres of normal and dystrophic animals the anti-sodium channel antibodies stained the nodal region (Fig.  4A ) as described previously (Ritchie et al., 1990) , and this staining co-localized with PNA and CT staining at the nodal gap ( Fig. 4A and B) . The antibodies to the potassium channel Kv1.1 stained the juxtaparanodal region of myelinated fibres ( Fig. 4E and F) . This staining was adjacent to CT staining at the paranodes (Fig. 4E) . The staining for potassium channel Kv1.5 was present in the paranodal region (Schwann cell canaliculi) as described previously (Mi et al., 1995) . Although Kv1.5 and CT both stained the paranodal region, the two staining patterns did not completely overlap (Fig. 4G) .
In regions containing amyelinated axons the anti-sodium channel antibodies stained clusters of sodium channels randomly distributed along the axolemma as described previously. These patches of sodium channels did not colocalize with either CT or PNA staining (Fig. 4C and D) .
Neither CT nor PNA blocked binding of the other. In the double labelling studies (Fig. 4H ) the binding patterns of CT and PNA could easily be differentiated. In these double labelling studies, nodal CT binding was preserved by the exclusion of detergent from the working buffer.
Discussion
The present study demonstrates the distribution of Gal(β1-3)GalNAc and TTC binding sites in mature myelinated fibres in three species: human, rat and mouse. The distribution of these binding sites proved to be similar in all three species. Our study definitively demonstrates for the first time the presence of Gal(β1-3)GalNAc epitopes on the axolemmal surface of mature myelinated fibres, and confirms the presence of these epitopes on the Schwann cell (Ganser et al., 1983; Corbo et al., 1993; Molander et al., 1997) . Further, we found that these Gal(β1-3)GalNAc binding sites do not have an obligatory co-localization with voltage-gated sodium channels or the potassium ion channels Kv1.1 and Kv1.5 and are likely not carried by these ion channels. In contrast with Gal(β1-3)GalNAc, TTC-binding moieties are restricted to the axolemma.
Distribution of Gal(β1-3)GalNAc binding sites in nerve fibres
The results obtained in this study suggest that CT and PNA have similar yet distinct staining patterns. Further, the experiments using C : M extraction suggest that CT binding sites are present on a glycolipid, most likely GM1, and PNA binding sites are likely carried on glycoprotein(s). The peripheral nerve glycoproteins that are known to bind PNA include N-CAM (neural cell adhesion molecule), cytotactin, cytotactin-binding proteoglycan, P 0 glycoprotein, OMgp and Versican. Among these, all but P 0 glycoprotein have been reported to be concentrated at the nodes of Ranvier (Shuman et al., 1983; Rieger et al., 1986; Hoffman et al., 1988; Crossin et al., 1989; Apostolski et al., 1994) .
The electron microscopic localization results convincingly demonstrate that Gal(β1-3)GalNAc binding sites are carried on the axolemma. CT binding to the nodal axolemma was suggested by previous light microscopic teased fibre studies (Ganser et al., 1983; Corbo et al., 1993; Kusunoki et al., 1993) , and these observations were confirmed by electron microscopy with both CT and PNA. It was possible to determine from these ultrastructural studies that the CT and PNA binding was present on the nodal axolemma and not on the Schwann cell basement membrane overlying the nodal gap. These studies thus provide evidence that the internodal axolemma of myelinated nerve fibres may also carry Gal(β1-3)GalNAc moieties. Further evidence that Gal(β1-3)GalNAc binding sites are present on the axolemma was provided by the electron microscopic studies performed on the large amyelinated axons in the spinal roots of dystrophic mice where continuous staining of the axolemma with PNA and CT was seen. These results are consistent with biochemical studies that have shown the presence of GM1 ganglioside in axonal fractions of nerve (Svennerholm et al., 1994) .
Localization of Gal(β1-3)GalNAc binding sites and ion channels around the nodes of Ranvier
The distribution of sodium and Kv1.1 and Kv1.5 potassium channels around nodes of Ranvier has been determined previously (Mi et al., 1995) . Since anti-GM1 antibodies have been reported to affect the physiological function of sodium and potassium channels (Takigawa et al., 1995) , the distribution of Gal(β1-3)GalNAc binding sites in relation to these ion channels is of interest. Although sodium channel immunostaining co-localized with CT and PNA staining at the nodal gap, the results of the double labelling experiments on spinal roots from dystrophic mice demonstrate that Gal(β1-3)GalNAc binding sites do not have obligatory colocalization with sodium channels. Immunostaining for Kv1.1 potassium channels, shown by previous studies to be present on the juxtaparanodal axolemma (Mi et al., 1995) , did not co-localize with either CT or PNA binding. The potassium channel Kv1.5 was localized to the paranodal region of the Schwann cell surface but the pattern of staining was different from that of CT binding at the paranode. Thus, Gal(β1-3)GalNAc binding sites had regional co-localization with sodium and potassium channels in and around nodes of Ranvier but there was no obligate co-localization between these binding sites and ion channels. These sites are neither present as part of the glycosylated tail of these channels, nor necessarily associated with them.
Implications for immune mediated peripheral nerve damage
The presence of Gal(β1-3)GalNAc binding sites in and around nodes of Ranvier may be relevant to the pathogenesis of some acquired immune mediated neuropathies. Elevated titres of antibodies against Gal(β1-3)GalNAc epitopes are found in the majority of patients with multifocal motor neuropathy (Pestronk et al., 1988; Pestronk and Choski, 1997) , which is a chronic, demyelinating neuropathy selectively affecting motor fibres and associated with persistent conduction block. Increased titres of anti-GM1 antibodies are also associated with both demyelinating and axonal variants of Guillain-Barré syndrome (Yuki et al., 1990; Walsh et al., 1991; Kornberg et al., 1994; Ho et al., 1995; Rees et al., 1995) . In light of the present results, it can be speculated that antibodies directed against Gal(β1-3)GalNAc epitopes might injure paranodal Schwann cells and cause demyelination. In addition, the demonstration of Gal(β1-3)GalNAc on axonal surfaces provides a potential explanation for axonal Guillain-Barré syndrome. Thus, it is possible that anti-GM1 antibodies could result in injury to both axons and Schwann cells.
The mechanism of conduction block in anti-GM1-associated neuropathies is still debated (Thomas et al., 1991; Santoro et al., 1992; Uncini et al., 1993; Harvey et al., 1995; Roberts et al., 1995; Wirguin et al., 1995; Hirota et al., 1997) . Alteration of sodium and potassium ion channel function and injury to the structures around the nodes of Ranvier have been proposed as the underlying mechanisms for conduction block at the nodes of Ranvier (Takigawa et al., 1995; Hirota et al., 1997) . There are at least three observations which implicate complex gangliosides in the modulation of ion channel function in the nervous system. The study of Takigawa et al. (1995) using a voltage clamp technique on isolated single myelinated nerve fibres, demonstrated that anti-GM1 antibodies, in the absence of complement, increased the rate of rise and the amplitude of the K ϩ current. These antibodies in the presence of complement decreased the Na ϩ current, and caused non-specific current leakage (Takigawa et al., 1995) . Our demonstration that GM1 ganglioside is distributed along the axolemma where Na ϩ and K ϩ (Kv1.1, Kv1.5) channels are localized provides a potential explanation for these results. Alternatively, ion channel dysfunction at the nodes could possibly be mediated by complement activation. Anti-GM1 antibodies are usually of IgM and IgG1 and IgG3 subtypes (Willison and Veitch, 1994) ; these immunoglobulins can activate complement. Our previous studies have shown deposition of activated complement at the nodes of Ranvier in the spinal roots of patients with acute motor neuropathy (Hafer-Macko et al., 1996) . The activated complement cascade can in turn activate phospholipase A2 (Panesar et al., 1997) which releases arachidonic acid, and this free fatty acid has been shown to alter the function of sodium and potassium (Kv1.1 and 1.5) channels (Honore et al., 1994; Gubitosi-Klug et al., 1995; Bendahhou et al., 1997) . Roberts et al. (1995) have shown that anti-GM1 antibodies can inhibit motor nerve terminals at neuromuscular junctions in phrenic nerve diaphragm preparations in a complement independent fashion. Motor nerve terminals are known to contain GM1-like epitopes (O'Hanlon et al., 1996; K. Sheikh and J. Griffin, unpublished observations) . These two observations suggest that an immune attack against GM1 ganglioside could alter nodal and synaptic ion channel function in the peripheral nervous system. The decreased neural conduction velocity (despite normal central neural morphology) in GM2/GD2 synthase knock-out mice, which lack the capability to synthesize complex gangliosides, including GM1 (Takamiya et al., 1996) , further supports the possibility that complex gangliosides have a modulatory effect on normal ion channel functioning. Which specific ganglioside is responsible, by its absence, for the neural conduction delay in these mice is not known, but it is attractive to speculate that it involves alteration of ion channel function as a result of the absence of GM1 at synapses and/or nodes of Ranvier. The results of the present study showing clustering of GM1 at and around the nodes of Ranvier would support such a role.
That the functional consequences of anti-GM1 immune attack may require nodal structural abnormalities as a mechanism of conduction block is suggested by a recent study by Hirota et al. (1997) . These workers could not demonstrate conduction block in spinal roots after application of anti-GM1 sera from humans (patients with neuropathy) and animals over a short period of time. They proposed that persistent conduction block in patients with multifocal neuropathy could be secondary to chronic immunoglobulin deposits on demyelinated paranodal axons. These axonbound immunoglobulins may interfere with Schwann cell recognition of axonal antigens and thus remyelination, causing persistent paranodal demyelination and conduction block. Whatever the mechanism of injury and dysfunction, the presence of target antigens, in this case GM1, on axons is a prerequisite. The demonstration of GM1-like epitopes on the axolemma makes these hypotheses plausible.
TTC binding and specificity issues
All localization techniques used in this study demonstrated that TTC binding sites are restricted to the axolemma. This TTC binding is completely abolished by C : M treatment, which argues that the TTC binding sites in nerve fibres are of a glycolipid nature. TTC binds to B-series gangliosides, with strongest affinity to GT1b and GD1b and possibly with comparable affinity to GQ1b (Rogers and Snyder, 1981; Critchley et al., 1986; Angstrom et al. 1994) . Among other major brain gangliosides, GM1 and GD1a also bind TTC but they have approximately tenfold lower affinities than GT1b and GD1b (Rogers and Snyder, 1981) . Our localization studies do not identify the TTC binding glycolipids on the axolemma. It seems unlikely that they are GD1b and GQ1b since previous immunohistological studies using monoclonal antibodies against these gangliosides showed them to be restricted to paranodal myelin Kusunoki et al., 1993) . In the present study, the localization of TTC binding was very different from that of CT. The CT staining pattern is likely to reflect GM1 binding since a similar distribution has been obtained by using monoclonal anti-GM1 antibodies (Molander et al., 1997) . This suggests that TTC does not bind to GM1. An analytical study by OgawaGoto et al. (1992) did not demonstrate the presence of GT1b in myelin fractions extracted from the human peripheral nervous system suggesting that it is present on axons. In view of the above findings it is likely that among major brain gangliosides, GT1b is the TTC binding glycolipid on the axolemma.
Technical considerations
The multiple localization techniques used in this study yielded slightly different but complementary results. CT appears to stain along the abaxonal Schwann cell plasmalemma in cryosections, whereas in teased fibre preparations CT predominantly stained the paranodal region of Schwann cell. The different staining patterns in these preparations are probably due both to inherent variation in the degree of GM1 ganglioside expression in different regions of the Schwann cell and to the use of a fixative in teased fibres, which could potentially decrease CT binding along the internodal abaxonal Schwann cell plasmalemma. We have noticed a decrease in ganglioside staining in peripheral nerves with use of fixatives like paraformaldehyde; other investigators have made similar observations (G. O'Hanlon and H. Willison, personal communication) . In contrast, in the preparations for electron microscopy, CT only stained axons and not Schwann cells. Although GM1 ganglioside is present in myelin fractions as indicated by chemical studies (Ogawa-Goto et al., 1992; Svennerholm et al., 1994) , our immunocytochemical results suggest, but do not conclusively demonstrate, the presence of staining for GM1 in compact myelin. This apparent discrepancy could be due to intricate interactions between glycolipids and myelin proteins which could potentially mask the CT binding sites on GM1 ganglioside. The absence of nodal staining with CT in the confocal microscopy preparations represents the differential effect of detergent (Triton X-100) on the nodal axolemma (single membrane) versus the paranodal region of Schwann cell (which consists of multiple uncompacted myelin/membrane loops). The differential effects of detergent on the nodal axolemma seen in our study is consistent with the results of Molander et al. (1997) , who used a monoclonal anti-GM1 antibody to stain rat spinal roots. Spinal root floating section preparations containing Triton showed an absence of nodal staining and a pattern of paranodal staining very similar to our results with CT. No results were available from preparations without Triton in the Molander study as the IgM anti-GM1 antibody used required permeablization.
The present study shows that CT binding is altered by differential tissue preparation and localization techniques and this may be due to the glycolipid nature of the molecules carrying CT binding sites. These results also suggest that multiple techniques may be required to determine the true distribution of these glycolipids.
The present study demonstrates definitively the distribution of CT and TTC binding moieties in mature myelinated nerve fibres. These localization studies provide insight into the potential role of these molecules in health and disease.
